We carried out 2.5-dimensional resistive magnetohydrodynamic simulations to study the effects of magnetic diffusivity on magnetically driven mass accretion and jet formation. The initial state is a constant angular-momentum torus threaded by large-scale vertical magnetic fields. Since the angular momentum of the torus is extracted due to magnetic braking, the torus medium falls toward the central region. The infalling matter twists the large-scale magnetic fields and drives bipolar jets. We found that (1) when the normalized magnetic diffusivity, η ≡ η/(r 0 V K0 ), where V K0 is the Keplerian rotation speed at a reference radius r = r 0 , is small (η ≤ 10 −3 ), mass accretion and jet formation take place intermittently; (2) when 10 −3 ≤η ≤ 10 −2 , the system evolves toward a quasi-steady state; and (3) whenη ≥ 10 −2 the accretion/mass 1 outflow rate decreases withη and approaches 0. The results of these simulations indicate that in the center of a galaxy which has a super-massive (∼ 10 9 M ⊙ ) black hole, a massive (∼ 10 8 M ⊙ ) gas torus and magnetic braking provide a mass accretion rate which is sufficient to explain the activity of AGNs whenη ≤ 5 × 10 −2 .
relation between magnetic braking and magnetorotational instability (Balbus, Hawley 1991) .
The effects of magnetic extraction of angular momentum (magnetic braking) on the disk become more evident when a geometrically thick disk (or torus) is considered. Matsumoto et al. (1996) carried out 2D MHD simulations of a torus threaded by poloidal magnetic fields and showed that the surface layer of the torus accretes faster than the equatorial region, like an avalanche, because magnetic braking most efficiently extracts angular momentum from that layer. Kudoh, Matsumoto, and Shibata (1998) confirmed the numerical results by employing a newly developed CIP-MOCCT code which uses the CIP method (Yabe, Aoki 1991) for hydrodynamic part and the MOCCT scheme (Stone, Norman 1992) to solve the induction equations and to evaluate the Lorentz force terms. They have proposed that the ejection mechanism of non-steady jets found in the 2.5-dimensional simulations can be understood using the steady state theory even when the back reaction of the jet on the disk is included self-consistently. Matsumoto and Shibata (1997) extended the 2D model to 3D by taking into account the non-axisymmetric effects, and have shown that the avalanche breaks up into several spiral channels. When the torus is threaded by large-scale poloidal magnetic field lines, accretion proceeds along these spiral channels. Since the channel flow bundles the large-scale magnetic field lines, a spiral structure also appears in the jet.
Most of the nonsteady models of magnetohydrodynamic jet formation from an accretion disk have assumed ideal MHD. Recently, several authors included resistivity to study protostellar jets. carried out 2D resistive MHD simulations of the interaction of the dipole magnetic field of the protostar and its surrounding disk and have shown that magnetic reconnection takes place in the current sheet created inside the expanding magnetic loops. They successfully explained both the acceleration of optical jets and the X-ray flares in protostars observed by the ASCA satellite (Koyama et al. 1996) .
Similar resistive MHD simulations of protostellar jets have been carried out by Miller and Stone (1997) , Grosso et al. (1997) , and Goodson et al. (1997 Goodson et al. ( , 1999 . Hirose et al. (1997) investigated the interaction of the stellar magnetosphere originated in its dipole magnetic field and the interstellar magnetic field carried with the infalling gas. They carried out 2D resistive MHD simulations and showed that magnetic reconnection takes place by an interaction of these magnetic fields. They showed that matter accretes along the reconnected magnetospheric field and that the magneto-centrifugal force accelerates the reconnection-driven jet.
Resistivity can also play important roles when the accretion disk is threaded by open magnetic fields. Lubow, Papaloizou, and Pringle (1994) , Ogilvie (1997) , Kudoh and Shibata (1997) tried to obtain steady solutions of magnetically driven winds/jets including the accretion disk. But, in reality, when resistivity is not included, the accretion disk may be highly nonsteady due to surface avalanching flow Kudoh et al. 1998 ) and due to magnetorotational instability inside the disk (Balbus, Hawley 1991; Hawley, Balbus 1992) . For dealing with a steady state, the inclusion of resistivity is essential. Kaburaki (1987) analytically obtained a steady-state solution for a disk of finite thickness by using resistive MHD equations. It has been shown that in 3D, magneto-rotational instability generates turbulence inside the disk (Hawley et al. 1995; Matsumoto, Tajima 1995; Brandenburg et al. 1995) . This turbulence generates an effective magnetic diffusivity which can suppress the growth of the magnetorotational instability. It is possible that an accretion disk can be in a marginally stable state in which the magnetic turbulence is maintained at a marginal level over which turbulent magnetic diffusivity kills the growth of the magnetorotational instability (Matsumoto, Tajima 1995) .
In weakly ionized disks, since the Spitzer-type resistivity itself becomes large, it can affect the growth of the magnetorotational instability (Sano et al 1998) . In this work, we introduced resistivity to simulate the effects of either the turbulent magnetic diffusivity or the resistivity in very weakly ionized disks on the formation of jets. The effects of resistivity are that magnetic field lines do not rotate with the same angular speed as the disk matter, and thus it suppresses the injection of magnetic helicity (magnetic twists) and the magneto-centrifugal acceleration. We would like to study the dependence of the mass accretion rate, mass outflow rate, and jet speed on resistivity (or turbulent diffusivity) by 2D axisymmetric resistive MHD simulations.
Observations by the Hubble Space Telescope (Jaffe et al. 1996) indicate that a several hundred parsec scale rotating gas torus exists in active galactic nuclei. When the torus is threaded by large-scale magnetic field lines, twist injection from the disk drives outflows. Since the magneto-rotational instability drives magnetic turbulence in the disk, the turbulent magnetic diffusivity can be important in such disks.
In section 2, we present physical assumptions and numerical methods. Numerical results are given in section 3. Section 4 is devoted to a summary and discussion.
Physical Assumptions and Numerical Methods
We assume that at the initial state a differentially rotating polytropic torus surrounding a central gravitating object is threaded by a uniform vertical magnetic field. In active galactic nuclei, the torus corresponds to a molecular torus rotating around the central super-massive black hole. The large-scale poloidal magnetic field threading the torus can be produced by interstellar magnetic fields swept into the nuclear region of the galaxy with the gas constructing the torus.
We assume axisymmetry and neglect the effects of self-gravity and cooling. Although the molecular torus in AGNs is in low ionization state, we assume that ambipolar diffusion is negligible and that the gas torus can be treated by using resistive, single fluid MHD equations. We discuss the validity of these assumptions further in section 4.
We use cylindrical coordinates (r, ϕ, z) and assume that z-direction is parallel to the rotation axis.
A schematic picture of the simulation model is shown in figure 1 . The basic equations are:
In these equations, ρ, P , and γ are the density, pressure, and specific heat ratio, respectively; v the velocity of the gas; e is the internal energy of the gas e = P/[(γ − 1)ρ]; B the magnetic field and ψ is the gravitational potential, which we assume to be
where G is the gravitational constant and M is the mass of the central object. The resistivity, η, is assumed to be uniform. We normalize the physical quantities with those at (r, z) = (r 0 , 0) where the initial density is maximum. In this normalization, we have two non-dimensional parameters:
where V s0 = γP 0 /ρ 0 and V K0 = GM/r 0 are the sound speed and Keplerian rotation speed at (r, z) = (r 0 , 0), respectively. Here, E th is the ratio of thermal energy to gravitational energy and E mg is the ratio of magnetic energy to gravitational energy. The Alfvén speed is defined as
where ρ 0 and B 0 are the initial density and magnetic field strength at (r, z) = (r 0 , 0).
Exact equilibrium solutions of a torus can be obtained under the following simplifying assumptions for the distributions of angular momentum and pressure of the rotating torus :
and
The density distribution of the torus can be determined by
The mass distribution outside the torus is assumed to be that of the isothermal nonrotating hightemperature halo surrounding the black hole,
where
Here V sc and ρ h are the sound velocity and density in the halo at (r, z) = (0, r 0 ), respectively. We assumed that α = 1.0 and ρ h /ρ 0 = 10 −3 throughout this work. We also use
The numerical method which we used was a modified Lax-Wendroff scheme with artificial viscosity for 2.5-dimensional MHD problems in cylindrical geometry (Rubin, Bustein 1967; Richtmeyer, Morton 1967) . The code was originally developed by Shibata (1983) and has been extended by Matsumoto et al. (1996) and Hayashi et al. (1996) .
The boundary conditions were as follows: At the equatorial plane (z = 0), we assume a boundary condition that is symmetric for ρ, P , v r , v ϕ , and B z but antisymmetric for v z , B r , and B ϕ . On the rotation axis (r = 0), ρ, P , v z , and B z are symmetric, while v r , v ϕ , B r , and B ϕ are zero. The side surface r = R max , and the top surface z = Z max , are free boundaries at which the mass as well as waves can go through freely, and we set ∂δQ/∂z = 0 on z = Z max and ∂δQ/∂r = 0 on r = R max , where Q is one of the above variables, and δQ ≡ Q(r, z, t + δt) − Q(r, z, t). The region around r = z = 0 is treated by softening the gravitational potential as ψ = −GM/(r 2 + z 2 + ǫ 2 ) 1/2 , where ǫ = 0.2 r 0 . We set wave absorbing condition in the region where √ r 2 + z 2 < 0.1 r 0 . In this region we correct the density, pressure, and radial component of magnetic field
, where Q 0 denotes the initial value and α ′ = 0.5{1 − tanh[400( √ r 2 + z 2 /r 0 − 0.075)]}. Furthermore, we correct the toroidal velocity
The size of the simulation box was 0 ≤ r < 5.1 r 0 and 0 ≤ z < 13.4 r 0 . The minimum grid size was 0.01 r 0 . The number of grid points was 201 × 256 for the models presented in this paper. The grid spacing was stretched when r/r 0 > 1 or z/r 0 > 1.
Numerical results
The simulation models discussed in this work are shown in table 1. For all models, we took a = 0 (L = constant), n = 3, γ = 5/3, E th = 0.05, E mg = 5.0 × 10 −4 and ρ h /ρ 0 = 10 −3 . The initial magnetic field was assumed to be uniform and parallel to the z-axis. The normalized resistivityη is defined bȳ 
is R m0 = 1.8. The magnetic Reynolds number near the surface of the torus is
Here, V Ah is the Alfvén speed at (r, z) = (1.0, 0.75). The poloidal magnetic field lines depicted by integrating the equation of magnetic lines of force (bottom panels) show that the surface layer of the torus falls faster than the equatorial plane due to magnetic braking. For comparison, we show in figure   3 the results of non-resistive model (model 1). The bottom panels show the isocontours of rA ϕ (A ϕ is the vector potential) which depict poloidal magnetic field lines whenη = 0. After one rotation period (t = 2π), the magnetic field lines near the surface are already convected to the central gravitating object in the non-resistive model (figure 3). In the resistive model (figure 2), however, this surface avalanche is not so evident as that in non-resistive model; the magnetic field lines are only slightly deformed.
The speed of the jet in the early stage (t < 9) of the resistive model is slower than that in the non-resistive model. However, as the magnetic field lines are deformed and the angle from the equatorial plane decreases (t = 18.5), the jet speed increases and approaches the Keplerian rotation speed of the torus.
In the non-resistive model (figure 3), the jet-forming surface area of the torus is narrower than that of the resistive model because some part of the surface layer moves outward by gaining angular momentum, thus preventing the infall of the outer disk material. Inside the torus, strong twists are accumulated, as shown in the isocontours of B ϕ in both the non-resistive model and the resistive model.
The torus expands in the vertical direction due to magnetic pressure produced by the accumulated toroidal magnetic fields.
In the resistive model (figure 2), the magnetic field lines inside the torus approach straight lines (see the bottom panels of figure 2). The torus is deformed into a disk-like shape and accretion proceeds inside the torus by magnetically losing angular momentum. Figure 4 shows the numerical results for a highly resistive model (model 7;η = 0.05, R m0 = 0.4, R mh ∼ 13). In this model, since R m0 < 1, the torus is stable for the magnetorotational instability (Sano et al. 1998 ). These results indicate that the magnetic field lines are deformed only slightly and that magnetic twists are not accumulated inside the torus. Only weak outflow with velocity v ∼ 0.2V K0 appears in this model.
Figure 5-7 show 3D pictures of the magnetic field lines and isosurface of density for models 5, 1, and 7, respectively. As the resistivity increases, the angle which the large-scale magnetic field lines make with the vertical axis decreases. The magnetic twist also decreases with the resistivity. The density isosurfaces evidently show that bipolar outflow is produced in model 5 and model 1. Figure 8 shows the time variation of the temperature distribution (gray scale) and rA ϕ (A ϕ is vector potential), which depicts magnetic field lines and velocity vectors for models 5, 1, and 7. Figure   8a (upper three panels) is for model 5. In this mildly diffusive model, mass accretion and mass outflow take place continuously. Figure 8b (middle three panels) is for model 1. In this non-diffusive model, the mass accretion and mass outflow take place episodically. At t = 5.96, the first avalanching mass accretion and mass outflow take place. Subsequently, the accretion rate decreases because some parts of the disk material obtain angular momentum and prevent the outer region from infalling. Around t = 15.9, surface mass accretion occurs again. Figure 8c (bottom three panels) is for model 7. Almost no mass accretion and mass outflow take place.
Figures 9a and b show the mass outflow rate for various models. The mass outflow rate is defined
at z = 3.1 r 0 . Whenη ∼ 0.0125, it increases monotonically with time and approaches a quasi-steady value (model 5, model 6). Whenη < 0.0125, however, the mass outflow rate has several peaks (model 1, model 2, model 3, model 4). In these models jet production takes place episodically. Whenη > 0.0125 (model 7) the mass outflow rate approaches zero. Figures 10a and b show the time variation of the mass accretion rate, defined aṡ
at r = 0.3 r 0 . Whenη takes a value between 0 and 0.01, the time averaged-accretion rate when t ≫ 0 takes almost the same value independent ofη, although the accretion rate increases more rapidly with time whenη ∼ 0. When 0.01 <η < 0.05, the accretion rate approaches a quasi-steady value, but the peak accretion rate is smaller than in models withη < 0.01. Whenη ≥ 0.05, almost no accretion takes place.
The numerical results indicate the existence of three-regimes of jet formation and accretion depending on the resistivity, (1) episodic jet formation and accretion for small resistivity: (R m0 > 2.0), (2) quasi-steady jet formation and accretion for mildly-resistive (1 < R m0 < 2.0) disk and (3) almost no jet formation and no accretion in highly resistive models (R m0 < 1). In highly resistive models, since the torus medium almost slips the magnetic field lines by magnetic diffusion, magnetic braking is insufficient to induce accretion. Figure 11 shows isocontours of the magnetic Reynolds number log 10 R m = log 10 (V A λ 0 /η). Here, λ 0 is a characteristic scale of the magnetorotational instability at t = 0 at (r, z) = (r 0 , 0), which is defined as λ 0 = 2πV A0 /Ω 0 , where V A0 and Ω 0 are the Alfvén speed and the rotation angular speed at (r, z) = (r 0 , 0), respectively. In figure 11 , the solid curves show the region where diffusion is not effective (R m > 1) and the dotted curves show the region where diffusion is effective (R m < 1). In figure 11a , the diffusive region occupies about half the volume in the torus. In this model, diffusion does not have much affection on the disk surface where a jet is formed. No diffusive region appears in figure 11b because model 1 is a non-diffusive model. Figure 11c shows a highly diffusive model. Since the diffusive region occupies almost the total area in the torus, magnetic braking is suppressed and the accretion is not sufficient to form a jet. To illustrate the twist level of the magnetic field lines, we show in figure 12 the time variation of the ratio of the toroidal magnetic field, B ϕ , to the poloidal magnetic field, B p , along a field line determined by integrating the equation of the magnetic lines of force inward from (r, z) = (1.0, 3.1). Figure 12 illustrates that the resistive model [model 5; figure 12a , model 7; figure 12c ] shows smaller twists than that in non-diffusive model [model 1; figure 12b ]. In the non-diffusive model, a strong twist appears at t = 5.5 and propagates outward when the jet is created. Figure 12c illustrates a highly resistive model (model 7) which hardly shows outflows and has the smallest toroidal magnetic field component. Figure 13 shows the poloidal velocity, the poloidal fast velocity, poloidal Alfvén velocity, and poloidal slow velocity along a magnetic field line. In model 5 and model 1, snapshots were taken at the start time of jet formation. In model 7, the velocities were measured at t ∼ 8π. Figure 13a (top panels)
is for model 5 (η = 1.25 × 10 −2 ). In model 5, the jet is accelerated faster than both the Alfvén velocity and the slow velocity and its speed becomes about the Keplerian speed. Figure 13b (middle panels) is for model 1 (η = 0). The jet is accelerated similarly to model 5 and the maximum poloidal speed becomes about 1.4 times the Keplerian speed. Figure 13c (bottom two panels) is for model 7 (η = 5.0 × 10 −2 ). A jet is not formed and the poloidal velocity does not exceed either the slow velocity or the Alfvén velocity.
Discussion

Dependence of the Numerical Results on the Diffusivity
We have studied the effects of resistivity on the magnetically driven accretion and jet formation from a torus threaded by large-scale poloidal magnetic fields. Whenη ∼ 0, the surface layer of the torus infalls faster than the equatorial region, like an avalanche, due to magnetic braking. As the angle between the deformed magnetic field lines and the vertical direction increases, a magnetically driven jet appears. The jet formation and mass accretion occur episodically. This episodic accretion takes place because parts of the torus matter move radially outward by gaining angular momentum and hinder the mass outside of it to accrete. The magnetorotational instability developing inside the torus also helps to generate the episodic behavior. The speed of the jet nearly equals the Keplerian rotation speed. When 0.0067 <η < 0.0125, the torus approaches a quasi-steady state without showing episodic accretion. When 0.0125 <η < 0.05, mass accretion and jet formation take place, but the mass accretion rate and mass outflow rate decrease withη. Whenη > 0.05, neither mass accretion nor jet formation takes place.
Evaluation of Turbulent Diffusivity
In this paper, we carried out 2.5-dimensional simulations by explicitly including uniform magnetic diffusivity. Even when the classical Spitzer-type resistivity is small, turbulent diffusivity can be generated by three-dimensional effects. In three dimensions, non-axisymmetric instabilities generate magnetic turbulence (Hawley et al. 1995; Matsumoto, Tajima 1995; Brandenburg et al. 1995) . The turbulence in accretion disks generates effective magnetic diffusion. Here, let us estimate the effective diffusivity in an accretion disk based on a marginal stability analysis (Matsumoto, Tajima 1995) . The marginal stability model belongs to a self-organized criticality (SOC) model (e.g., Bak et al. 1988; Mineshige et al. 1994) in complex systems, which claims that the system spontaneously evolves to a critical state between unstable states and stable states. We can obtain a marginally stable state by equating the growth rate of the magnetorotational instability, γ BH , and the stabilization rate due to magnetic diffusivity, η t k 2 , where η t is the turbulent diffusion coefficient and k = 2π/λ max , here, λ max is the most unstable wavelength, which we take λ max = 2πV A /Ω K0 . In the marginally stable state, γ BH = η t k 2 . Since the growth rate of the magnetorotational instability is on the order of γ BH ∼ Ω K0 ,
where β = P gas /P mag . Since β ≃ 10 in the nonlinear saturated stage of the magnetorotational instability (Stone et al. 1996; Matsumoto 1999 ) and E th = 0.05 in our model torus, we obtain η t /(V K0 r 0 ) ∼ 0.01.
From this result, the effective diffusivity in the marginally stable state of the accretion disk can be estimated asη = η/(V K0 r 0 ) ∼ 0.01.
We have shown that the numerical results of resistive MHD simulations sensitively depend onη whenη ∼ 0.01. The order of magnitude estimates of the turbulent resistivity, η t presented here are not sufficient to determine the dependence of the turbulent resistivity on the disk parameters (e.g., disk thickness). To obtain exact values of η t , we need to carry out global 3D MHD simulations. Hawley (2000) and Machida et al. (2000) published the results of 3D global MHD simulations stating from a geometrically thick disk. Much higher resolution simulations are necessary to show the difference of η t for different disk types. Such simulations are now in progress and will be reported in our subsequent papers.
In this work, we assumed uniform resistivity which mimics the turbulent diffusion in accretion disks.
A rather different model for dissipation is magnetic reconnection in a hot corona. By assuming anomalous resistivity, Hayashi et al. (1996) carried out resistive MHD simulations of magnetic reconnection in magnetic loops connecting the central star and surrounding accretion disk. They successfully reproduced the formation of bipolar plasma outflows and X-ray flares. Magnetic reconnection of magnetic loops whose footpoints are both on accretion disks have been simulated by Romanova et al. (1998) . The coronal activities of accretion disks acompanying magnetic reconnection are more complicated processes which cannot be mimiced by uniform resistivity, and is thus beyond the scope of this paper.
Application to AGN Molecular Torus
Next, we discuss the application of these numerical results to AGNs. Observations indicate that molecular gas whose mass is 10 10 M ⊙ exists in the central region of high-luminosity IRAS galaxies (Scoville et al. 1991) and that a circumnuclear starburst torus whose radius is between several tens pc and 1 kpc exists in the central region of Seyfert galaxies (Wilson et al. 1991 , Forbes et al. 1994 , Storchi-Bergmann et al. 1996 . The ionization rate of the torus may be low because the torus exists far from the central black hole. We should discuss whether magnetic braking is effective in a low-ionized gas torus. The magnetic diffusivity in partially ionized gas is
and (Spitzer 1962) . Here, τ ei , τ en , χ, and ln Λ are the electron-ion collision time, electron-neutral atom collision time, ionization rate, and Coulomb logarithm (∼ 10), respectively. When the number density of gas satisfies n ≫ 1, (Gammie 1996) , where the ionization rate, χ, is (Norman, Heyvaerts 1985) . Assuming that a gas torus exists at 100 pc from the central black hole and that the temperature of the torus is 100 K, the magnetic Reynolds number is
particles. We should discuss whether magnetic braking is effective for neutral particles, too. The velocity of a neutral particle is influenced by ambipolar diffusion. The velocity difference, v d , between charged particles and neutral particles is (24) (Tajima, Shibata 1997) . Since the velocity difference, v d ∼ 10 4 cm s −1 , is smaller than the dynamical velocity, v dyna ∼ 10 7 cm s −1 , neutral particles also fall to the black hole when magnetic braking takes place around the surface of the torus. We conclude that magnetic braking can be effective in an AGN gas torus. Recently, Hawley and Stone (1998) carried out 3D MHD simulations of an ion-neutral fluid.
We would like to confirm the above discussion in the near future by extending our MHD code to an ion-neutral MHD code. Tables 2 and 3 show the mean and maximum mass outflow rates and accretion rates when we apply our numerical results to AGNs which have M BH = M BH9 = 10 9 M ⊙ and circumnuclear gas torus with mass M torus = M 8 = 10 8 M ⊙ . In order to explain the energy release rate of quasars,
where ε is the conversion efficiency of mass energy, we need a mass accretion rate of at least 1 M ⊙ yr −1 . Table 3 shows that when η < 0.05 V K0 r 0 in an AGN gas torus, we can explain quasar activity.
Order-of-Magnitude Estimation of the Mass Accretion Rate
We can estimate the mass accretion rate by approximating the torus by a rectangular box with height r 0 . The diffusion region of the torus is approximated by a rectangular box with height λ, as shown in figure 14 . The disk gas couples with the magnetic field in a surface region with thickness r 0 − λ. The accretion rate iṡ
Here, the density of the torus is assumed to be constant, ρ = 0.25ρ 0 . The size of λ is determined by the condition that the magnetic Reynolds number, R m , is unity, R m = λV A0 /η ∼ 1. Thus,
Using equations (26), (27), and (28), the normalized magnetic diffusivity,η ≡ η/(r 0 V K0 ), and (9)], we can obtain a normalized mass accretion ratė
This equation can explain the numerically obtained mass accretion rate when 0 <η < 1.4 × 10 −2 , but can not explain the accretion rate whenη > 5.0 × 10 −2 (see figure 15 ). To improve this point, we take into consideration the density gradient. The mass accretion rate iṡ
Here, E 1/2 th = V s0 /V K0 . From equation (30), normalized mass accretion rate becomeṡ
Here, H is the scale height,
. Figure 15 shows the normalized mass accretion rate given by equations (29), (31), and the numerical result. From this figure, the mass accretion rate estimated by equation (31) can better fit the results of numerical simulations.
Concluding Remarks
In this paper, we have presented the results of 2.5-dimensional simulations of a magnetized torus by explicitly including magnetic diffusivity. When we carry out three-dimensional simulation, the effects of turbulent magnetic diffusion automatically comes in when the torus becomes turbulent. We would like to extend our model to 3D in the near future. Furthermore, when we apply the results to AGNs, self-gravitational effects may be important when the torus mass is as large as M torus ∼ 10 8 M ⊙ . We would like to discuss the effects of self-gravity in forthcoming papers.
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